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Abstract
Senescent Changes in Orientation, Frequency, and 3-D Slant and Shape Perception
by
Danny Tam
Advisor: Andrea Li, Chair

The ability to perceive the 3-Dimensional world is effortless despite the fact that the input
to the visual system is 2-Dimensional. Attempts to derive biologically plausible models of shape
from texture have focused on how changes in orientation and spatial frequency information are
processed based on the response properties of primary visual cortex (V1) neurons. However, the
relative contributions of orientation and spatial frequency information in detecting slant and
shape from 3-D surfaces are not well understood. Additionally, in senescence, changes in optical
components of the eye result in reduced frequency sensitivity, but whether concurrent
neurophysiological changes affect the ability to discriminate orientation, and whether there is a
resulting effect on form processing with age have remained unclear.
An initial set of psychophysical experiments administered to younger adults showed that
changes in orientation (or orientation modulations, OMs) dictated 3-D slant perception at
shallow and steep slants, while changes in frequency (or frequency modulations, FMs) were only
effective at steeper slants. This effect of OMs dictating slant and shape percept remained present
even if a surface contained a texture with OM and FM components specifying inconsistent
degrees of surface slant or curvature. Three additional psychophysical experiments were
conducted to assess age-related changes in orientation and shape discrimination between younger
and older observers. Consistent with previous findings in the literature, the older observers had
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significantly higher contrast thresholds than the younger group. Orientation discrimination
thresholds were significantly higher for older observers when stimulus contrast was expressed as
absolute values. However, when thresholds were evaluated in terms of multiples of detection
threshold (to normalize stimuli for visibility across observers), age-related differences in
orientation discrimination were not observed. Similarly, when observers performed a shape
detection task, no significant difference was observed in shape detection thresholds across
different spatial frequencies when age-related differences in contrast sensitivity were taken into
account. However, when observers were given a shape discrimination task, older observers
showed a significantly higher discrimination threshold at the highest spatial frequency even
when thresholds were normalized for visibility. These findings suggest that while contrast
detection thresholds increase with age, orientation and shape processing remain largely
preserved. This suggests that in the context of degradations in optical and neural inputs, the
overall percept of orientation and shape remains preserved with age, consistent with findings in
several other areas in the visual system (e.g., color vision, perceived contrast). Our results
suggest that the preservation of orientation and frequency perception with age at least partially
contribute to the stability of 3-D shape perception, for stimuli in which orientation and frequency
changes are cues for 3-D shape.
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Introduction

In normal vision, we are able to effortlessly perceive the world around us despite the fact
that the input to the visual system is 2-Dimensional (2-D). A growing body of research has
emerged that has sought to explain how the visual system might utilize 2-Dimensional retinal
information to extract 3-Dimensional (3-D) shape necessary for the recognition of objects and
other complex structures (e.g., faces). In seeking to localize neuroanatomical structures and
pathways involved in shape perception, recent studies have attempted to develop biologically
plausible models by examining the role of features for which neurons in visual cortex are
classically selective. An important developmental consideration is that it has been shown even
in non-pathological, ‘normal’ aging that there is a focal decline in certain visual abilities. While
deficits in temporal and spatial aspects of perception with age have been well established, the
findings for form and object perception are less understood, and contradictory at best. Some of
these age-related changes result from differences in the optical properties of the eye. However, it
has also been demonstrated that at a neural level, anatomical and physiological changes in
primary visual cortex and extrastriate areas are contributory as well. This introduction will seek
to highlight what is currently known about the mechanisms underlying the perception of 3-D
shape, followed by a discussion of senescent changes in visual functioning, including differences
in optical properties as well as structural, physiological, and perceptual changes in striate and
extrastriate cortex. Finally, the implications of these findings on shape perception in older
populations are discussed.
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The Perception of 3-D Shape
One of the key abilities
of the visual system is to
extract information about 3-D
shape from 2-D monocular
images. Much of the research
on the perception of 3-D shape
from monocular cues has
focused on the role of texture

	
  
Figure 1: Examples of texture gradients that provide information
about the 3-D orientation of a textured surface (Saunders & Backus,
2006).

information. James Gibson’s initial description of what he coined ‘texture gradients’ (Gibson,
1950) provided much of the impetus for the study of extracting 3-D cues from variations of a
surface texture. Texture gradients (Figure 1) represent the systematic changes in a surface
texture when it is projected into a 2-D image (or image plane). Three major gradients have been
identified – compression, density and size, and their ability to convey 3-D shape have been
studied extensively in the literature (Gillam, 1970, Cutting & Millard, 1984, Todd & Akerstrom,
1987, Garding 1992, Blake, Bulthoff, & Sheinberg, 1993, Cummings et al., 1993, Malik &
Rosenhodisltz, 1997, Knill, 1998c, Clerc & Mallat 2002, Todd & Thaler, 2010). In the case of
compression, changes in the aspect ratio of texture elements can be a cue to local slant
(departures of the surface angle from fronto-parallel with respect to the observer). For texture
elements of uniform size, the gradient change in their size and density when projected into the
image can also be cues for slant. Depending on the type of surface, some texture cues may
contribute more to the judgment of shape. In the case of 3-D curved surfaces projected onto a 2-
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D image, it has been demonstrated that the compression gradient accounts for over 95% of the
variance relative to size and density (Cummings et al., 1993).
Physiological and imaging studies have begun to isolate the cortical areas that may be
important for 3-D shape perception. An fMRI experiment conducted with anesthetized monkeys
found widely distributed activation across all four cortical lobes when presented with computer
generated 3-D objects, cutting across both the ventral “what” and dorsal “where” processing
streams (Sereno, Trinath, Augath, & Logothetis, 2002). Beyond striate cortex, the experimenters
specifically found activation in temporal areas (MT, STS, FST), the parieto-occipital juncture,
and inferior prefrontal and arcuate sulcus of the frontal lobes. They proposed that the distributed
network of areas reflects the multiple types of information that would be utilized in representing
3-D shape (e.g., navigation, recognition).
Physiological experiments have also provided support for shape-from-texture models of
3-D shape perception. In the caudal part of the lateral bank of the intra-parietal sulcus, neurons
were found to be selective to 3-D surface orientation defined by texture cues (Tsutsui, Sakata,
Naganuma & Taira, 2002; Liu, Vogels & Orban, 2004). Further support for these findings has
come from fMRI studies conducted in humans which found activation in anterior and posterior
intra-parietal sulci areas when subjects extracted surface orientation from monocular texture cues
(Shikata, Hamzei, Glauche, Knab, Dettmers, Weiller, et al., 2001). Additionally, other fMRI
studies in humans have found that the extraction of 3-D shape from texture carries greater weight
relative to shading based on the activation patterns observed in parietal regions (Georgieva,
Todd, Peeters & Orban, 2008). In contrast to the broader activation of caudal infero-temporal
gyri, lateral occipital sulcus and intraparietal sulci to randomly shaped 3-D surfaces, the analysis
of 3-D shape from shading resulted in restricted activation of the caudal infero-temporal gyrus.

	
  

4	
  

However, the specific image features that these intra-parietal areas respond to have not yet been
determined.
Many of the gradient-based shape-from-texture models contain assumptions of isotropy
and homogeneity to extract 3-D shape. A homogeneous texture is one that is uniform in
composition and character on the surface and invariant to translation. If a texture on a surface is
known to be homogeneous, deviations from homogeneity in the projected image can be
attributed to departures of the surface angle from fronto-parallel with respect to the observer
(Clerc & Mallat, 2002, Garding 1992, Malik & Rozenholtz 1997). An isotropic texture is one
that is unidirectionally uniform. If a texture on a surface is known to be isotropic, deviations
from isotropy in the image again can be attributed to deviations of the surface slant from the
fronto-parallel position. There has been some disagreement among researchers whether it is
deviation from isotropy (Blake et al., 1993) or texture gradient changes that are critical to
perceiving 3-D shape (Todd & Akerstrom, 1987). It has since been demonstrated that both cues
are integral in the perception of 3-D shape (Rosenholtz & Malik, 1997). However, not all
surface textures are isotropic or homogenous, and models based on those assumptions do not
necessarily correctly predict 3-D shape in cases where they are not (Li & Zaidi, 2004). For
example, textures on a carved or stretched surface are not homogenous under generic conditions,
and inhomogeneity such as those found on skin can change with surface deformation (Li &
Zaidi, 2004).

A Different Observer Model Based on Orientation Flows
Li and Zaidi (2000) proposed a new observer model for inferring 3-D shape from
monocular texture cues, one that differed from texture gradient theories and did not require
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ancillary assumptions of isotropy and homogeneity. They found that individual texture gradients
or elements were not necessary to extract the shape of a surface, but rather that it was correlated
orientation changes across the projected image of a surface that were critical for conveying
shape. When these orientation “flows”, which correspond to changes in oriented energy along
the lines of maximum curvature for a surface are visible, observers are able to accurately
perceive 3-D shape (Figure 2). In contrast, they found that 1-Dimensional changes in spatial
frequency information were insufficient in conveying the shape of a corrugated surface. When
complex 3-D shapes are defined solely by changes in spatial frequency, they were more
susceptible to perceptual misinterpretation.

	
  
Figure 2: Orientation flows running parallel to lines of maximum surface curvature allow for
accurate perception of 3-D shape (left and middle). In this example, when the horizontal
components that form the orientation flows are removed (right), the ability to correctly perceive 3-D
shape is compromised (Li & Zaidi, 2004). The texture component that results in the critical
orientation flows depends on the shape of the surface.

Although orientation flows have been demonstrated to play a critical role in the
perception of 3-D shape, little is understood about the neural mechanisms that might be involved
in extracting orientation flow patterns. Additionally, while changes in spatial frequency
information in isolation appear to be insufficient in conveying 3-D shape, it is unclear the extent
to which it contributes to the overall perception of 3-D shape and slant together with other cues.
Interestingly, phenomenological demonstrations have shown that when a corrugated surface such
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as the one in Figure 2 contains orientation and frequency information specifying inconsistent
curvatures, the resulting percept appears to be based on the curvature specified by orientation
changes (Li & Zaidi, 2001). Thus, while the relative contributions of orientation and frequency
changes have not been fully characterized, orientation appears to be the dominant cue in
conveying slant and shape information in the context of features for which primary visual cortex
neurons are classically selective. Therefore, disruptions to early visual cortical mechanisms
responsible for detecting and processing orientation may impact visual processing streams that
utilize this information in the perception of higher order features (e.g., objects, faces, shape,
movement). While these disruptions could certainly occur in the context of acute changes to
brain functioning (e.g., traumatic brain injury), it would also be important to consider these
changes with regard to normal aging.

Aging and Vision
In the visual system, aging is associated with a number of pathological and nonpathological changes to the eye and the brain. The effects of these changes on different aspects
of visual processing and perception have only recently begun to be elucidated over the past
twenty-five years (Owsley, 2011). In some regards, the visual system is more amenable than
other sensory processes to the study of age-related changes, given the depth of existing research
on normal visual functioning and its underlying neural processes, as well as the precision by
which responses can be elicited based on activation or stimulation of the system at a cellular to
behavioral level (Spear, 1993). Research on this area is likely to have broader implications given
the possibility that the distinction between ‘normal’ and ‘pathological’ aging may in fact reflect a
continuum, as opposed to a more arbitrary distinction (Johnson & Choy, 1987, Owsley &

	
  

7	
  

Burton, 1991). Indeed, a growing body of literature has shown that even in normal aging free of
‘classic’ pathological diseases or deficits (e.g., glaucoma, macular degeneration), a decline is
evident in a number of visual abilities that may make drawing a clear distinction more difficult.
It has been proposed that some of the age-related changes in vision relate to decreases in
cortical GABA intracortical inhibition with age. The consequences of decreased inhibition
include reduced neurotransmitter release, neurotransmitter production, and other membrane
changes (Leventhal et al., 2003). The etiology of reduced inhibition with age is unclear. Most
evidence suggests that changes in neuronal density and quantity in the aging visual system are
relatively modest. However, these studies did not specifically examine or report on potential
changes in GABAergic cell counts, a population that constitutes approximately 20% of all
primary visual cortex (V1) cells (Fitzpatrick, Lund, Schmechel, et al., 1987). The effects of
reduced GABA inhibition with age in striate and early extrastriate areas on key aspects of dorsal
pathway functioning, notably motion perception and directional selectivity, have been well
established. Psychophysical studies examining differences in mid and high-level ventral
pathway processing have revealed more subtle declines in older observers.

Aging and Orientation Selectivity
Neurons in primary visual cortex (V1) have been well studied for several decades, and
are known to selectively respond to orientation as well as the direction of motion for lines, bars,
and edges (Hubel & Wiesel, 1968).

There exists a disparity in the literature between the

neurophysiological findings and psychophysical data with regard to aging and orientation
selectivity. In V1, extracellular single neuron recordings in older rhesus monkeys found cells to
have decreased orientation and directional selectivity as well as increased spontaneous activity
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compared to younger monkeys (Schmolesky, Wang, Pu & Leventhal, 2000; Wang, Zhou, Ma, &
Leventhal, 2005). There also appears to be a substantial decrease in the number of V1 and V2
cells that were classified as “significantly tuned” to stimulus orientation (Schmolesky et al.,
2000, Yu, Wang, Li et al., 2006). The decrease in orientation selectivity of V1 neurons in aged
primates was found to be reversible with the local electrophoretic application of GABA and
GABA agonists, which altered the response properties of V1 cells such that they resembled those
of younger animals (Leventhal et al., 2003). When young primates were administrated GABA
locally, there was no significant change observed in the receptive field properties of already
strongly selective cells, consistent with the hypothesis that a degradation of GABA-mediated
inhibition affects older, not young animals. Additionally, when younger animals were
administered a GABA antagonist (bicuculline), their orientation selectivity greatly diminished.
These findings were consistent with an age-related decrease in intracortical inhibition.
In contrast to the physiological data, while psychophysical experiments have yielded
some variable findings, there does not generally appear to be a behavioral consequence to a
broadening in neural orientation selectivity. Using human observers, a study comparing
orientation discrimination thresholds for Gabor patterns between young and older groups found
that thresholds were higher in older observers, but only when contrast levels were low (Betts,
Sekuler, & Bennett, 2007). The authors suggested that when contrast was high, the equivalent
input noise was similar for both groups. These findings were consistent with prior physiological
experiments that showed increased spontaneous activity and lower signal-to-noise ratios in
cortical neurons of older animals was associated with weaker orientation tuning (Hua, Li, He, et
al., 2006). When orientation discrimination thresholds were measured with age-related
differences in contrast sensitivity taken into account, orientation discrimination (i.e., sensitivity)
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and orientation tuning curves (i.e., selectivity) did not significantly differ between young and
older observers (Delahunt, Hardy, & Werner, 2008). The findings by Delahunt et al. suggest that
the shape of perceptual tuning curves remain relatively unchanged with age, which is likely
important in minimizing perceptual distortions with age (Delahunt et al., 2008).
The discrepancy between physiological and psychophysical findings could be the result
of a number of factors. From a methodological standpoint, differences observed between young
and older animals in physiological experiments may have been a consequence of age-related
differences in sensitivity to anesthesia, although it has also been shown that differences in level
of anesthesia do not significantly impact age differences in the responses of V1 and V2 neurons
(Wang et al., 2005). Additionally, the physiological experiments that estimated the bandwidth of
orientation-selective mechanisms in young and old animals assessed average differences
between cell groups (Govenlock, Taylor, Sekuler et al., 2009). Although population differences
may exist in neuronal orientation selectivity, it has been shown that a certain subset of cells in
older monkeys remain highly selective for orientation (Schmolesky et al., 2000), and may
therefore be utilized in psychophysical judgments of orientation. Top-down mechanisms such as
focused attention may also allow observers to compensate for age-related physiological changes,
either through activation of different functional neural networks, or by altering the response
properties of single neurons in multiple visual cortical areas (Maunsel, 2003). Although there is
some evidence that selective visual attention can influence adaptation to visual orientation
information (i.e., tilt aftereffect) thought to be mediated in V1 (Spivey & Spirn, 2000), it is
currently unclear the extent to which attentional processes can alter neuronal orientation
selectivity.
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Delahunt et al. proposed an explanation for their findings that dissociated orientation

detection threshold from discrimination. Detection of orientation is dependent on neurons that
are most sensitive to a particular orientation and spatial frequency, which would be sensitive to
changes in levels of spontaneous activity and noise with aging. However, discrimination of
orientation likely involves activation of a population of neurons that vary in their preferred
orientation, and requires that a stimulus can sufficiently elevate neuronal responses above levels
of internal noise. While single-cell physiological studies in older monkeys reveal a broadening
of orientation tuning characteristics (a decline in orientation selectivity)(Schmolesky et al., 2000;
Yu et al., 2006), Delahunt et al. showed that at a behavioral level in humans the visual system
appears to preserve the overall shape of the perceptual tuning curves. Thus, although the tuning
of individual neurons appears to broaden, the orientation preferences of populations of neurons
are generally unchanged with age. This suggests some degree of neural plasticity or adaptation
that is able to maintain consistent tuning characteristics despite increases in internal noise across
the lifespan (Delahunt et al., 2008).
The disparity between physiological changes in sensitivity with relatively preserved
behavioral performance has also been documented in other aspects of the aging visual system.
For instance, color-naming experiments have shown that when younger observers were shown a
series of color patches that had been altered (i.e., adjusted to be darker and yellower) to simulate
age-related lenticular changes of lower light levels and greater proportions of long-wavelength
light, these observers were less likely to use the term “blue” to describe the stimuli (Lindsey &
Brown, 2002). Interestingly, when this experiment was replicated to compare actual young and
old observer groups, color naming performance for the stimuli was not significantly different
(Hardy et al., 2005). The uniformity in responses across the two age groups again suggests some
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form of compensatory mechanism that preserves color constancy despite differences in the actual
spectral composition of light reaching the retina with age (Hardy et al., 2005).
Given the importance of orientation detection and discrimination as an important lowlevel perceptual process, and the disparity between the psychophysical and physiological
literature, it would be interesting to broadly review age-related changes in visual functioning
with a consideration for whether there may be any upstream impact on the processing of
orientation.

Aging and Optical changes
A number of anatomical changes occur in the eye with aging, which affect its optical
properties. These optical changes should be taken into consideration before interpreting any
visual decline that may be attributable to age-related changes at the retinal or neural level. A
reduction in pupil diameter (senile miosis) results in decreased light reaching the retina.
Increased corneal and lenticular densities are characteristically associated with extra light scatter
(Asano, Nomura, Iwano, Ando, Niino, Shimokata & Miyake, 2005). There is also a loss of
accommodative amplitude from reduced lenticular elasticity (Gardiner, Johnson & Spry, 2006).
Several studies have shown that these optical changes are largely responsible for a decline in
contrast sensitivity under photopic light conditions for medium and high spatial frequencies
(Derefeldt, Lennerstrand, & Lundh, 1979; Elliot, Whitaker & MacVeigh, 1990; Kline, Schieber,
Abusamra, & Coyne, 1983; Owsley, Sekuler & Siemsen, 1983). Interestingly, presbyopia and
the reduction in retinal illumination from anatomical changes are insufficient in fully accounting
for the decline in visual acuity that occurs with aging, even in individuals with no ocular
pathology (Weale 1975, 1978, 1982). For example, deficits in visual acuity are evident even
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when the crystalline lens is replaced with an intraocular lens (Jay, Mammo & Allan, 1987).
Under a range of luminance conditions, the magnitude of acuity deficits for older observers was
shown to be significantly larger under degraded illumination than for younger participants (Sturr,
Kline & Taub 1990). Even when experimenters experimentally simulated reduced pupil sizes
and light scatter in younger observers to mimic that of older adults, their sensitivity to contrast
was still better in comparison to that of the older group (Whitaker & Elliott, 1992). These
findings suggest that while optical characteristics of the aged eye are largely responsible for
spatial contrast sensitivity deficits, there are likely to be retinal and neural changes that are also
contributory.
At the retinal level, studies examining the changes in density of photoreceptors with age
have revealed selective vulnerability for cell loss (Curcio, Millican, Allen & Kalina, 1993).
While the representation of cones in the fovea appears to remain intact, a decrease of up to 30%
in rod density was observed by the age of 90 in human retinal donors (Curcio, et al., 1993).
Despite the decrease in density, no gaps are evident in the rod mosaic as there is an
accompanying enlargement of the rod inner segments (Curcio et al., 1993). A mild loss of
retinal ganglion cells have also been found in studies primarily utilizing optic-nerve axon counts
(Balazsi, Rottman, Drance, Schulzer & Douglas, 1984; Dolman, McCormick & Drance, 1980;
Johnson, Miao & Sadun, 1987), although large individual variability was evident across subjects.
To date, age-related changes on bipolar, horizontal, and amacrine cells have not been well
characterized.
The specific pattern of loss across cell types may help to explain some of the
characteristic deficits and preserved abilities with aging. Notably, color perception remains
stable across the lifespan (Hardy, Frederick, Kay, & Werner, 2005). Despite age-related optical
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changes to the lens that affect spectral sensitivity, the relative preservation of cone
photoreceptors and continuous renormalization of chromatic mechanisms may be compensatory
(Delahunt, Webster, Ma, & Werner, 2004). One common difficulty reported by older adults is
poor visibility under low illumination (Kosnik, Winslow, Kline, Rasinski, & Sekuler, 1988).
While the decrease in rod density would appear to be a likely candidate as an underlying factor,
psychophysical studies have not supported this as a likely explanation. Given the enlargement of
rod inner segments with age, an increase in retinal ganglion cell receptive fields should
theoretically result in monotonic increases in contrast sensitivity for a spatial target (e.g., Weberlike behavior) at a lower luminance level in older adults (Schefrin, Hauser, & Werner 2004).
However, it was found that both young and older observers had similar mean luminance levels
for Weber-like onset (Schefrin et al., 2004). Thus, the specific retinal or cortical mechanisms
that may underlie decreased scotopic contrast sensitivity remain unclear (Owsley, 2011).
Although age-related changes in neurotransmitters and receptors are less understood at
the retinal level, there is some evidence of differences in sympathetic neurotransmission and
receptor functioning that may also partially account for vision loss. Specifically, rodents show
decreased retinal dopamine beta-hydroxylase (DBH) protein expression with age, which could
consequently result in reduced norepinephrine production (Smith, Sharma & Steinle, 2007).
There is also an increase in receptor binding sites for GABA and benzodiazepines in the retina of
older rodents, although their overall activation is actually reduced, suggesting that there is a
reduction in their functional connectivity despite an increase in available binding sites (Guarneri,
Corda, Concas et al., 1982).
Recent MRI studies have also found evidence for in vivo reductions in lateral geniculate
nucleus (LGN) volume with age (Li, He, et al., 2012). However, to date, LGN volume changes
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associated with aging have yet to be studied in the human brain. It is unclear whether this
change reflects actual losses in LGN cells or reduced connectivity from the retina.

Aging and Striate Cortex
In striate cortex, neuronal density appears to remain relatively unchanged with aging in
humans (Haug, Kuhl, Mecke, Sass, & Wasner, 1984, Leuba & Garey, 1987). However, the
anatomical studies conducted did not account for a potential change in cortical volume.
Therefore, any potential neuronal loss may have been masked by a concurrent decrease in
volume (Spear, 1993). Nonetheless, measures of cortical thickness in monkeys across the
lifespan appear to remain relatively preserved (Vincent, Peters & Tigges, 1989), suggesting that
the aging striate cortex is unlikely to experience significant neuronal loss. The effects of age on
neuronal morphology have shown variability across different species. In rodents, changes in
dendritic arborizations and spine density have been reported (Coleman & Flood, 1987, Leuba
1983, Connor, Diamond, Connor & Johnson, 1981). However, in humans and monkeys, aging
has been shown to have little to no effect on neuronal morphology across cortical layers (Kim,
Pier & Spear, 1997). Although some studies have observed modest changes in dendritic spine
density with age (notably in layer 1 of V1), with relatively more prominent dendritic alterations
occurring in frontotemporal regions, the functional implications of these changes have yet to be
established (Peters, Moss, & Sethares, 2001, Scheibel, Lindsay, Tomiyasu et al., 1975).

Age Effects on Extrastriate Pathways
The evidence of reduced GABA-mediated inhibition in V1 and V2 (Schmolesky et al,
2000; Leventhal et al., 2003) may have a functional impact on upstream extrastriate areas.
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Ungerleider and Mishkin in 1982 were the first to introduce the idea of extrastriate pathways that
served different functional roles. Through lesion experiments in monkeys, they identified a
ventral stream for object identification from striate cortex to the temporal lobe, and a dorsal
stream for locating objects from the striate cortex to the parietal lobe. It has since been
demonstrated that the dorsal pathway is more broadly important in providing information about
how to physically interact with an object (Milner & Goodale, 1995).
The effects of aging on the dorsal “where/how” processing stream has been well
established, and congruent with older adults’ reports of difficulties in the processing of visual
temporal information and processing speed (Kline & Birren, 1975; Walsh 1976; Walsh, Williams
& Hertzog 1979). A decline in the ability to accurately perceive the direction and speed of
moving information has practical implications for older adults. Notably, these senescent changes
place this population at an increased risk for vehicular collision (Owsley, Ball, McGwin, Sloane,
Roenker & White, 1998) and greater difficulty in detecting the locations of signs and hazards
(Wood, 2002; Wood, Anstey, Kerr, Lacherez, Lord, 2008). The first study to demonstrate
impaired motion perception in older adults found that their threshold for discriminating different
directions of motion in a random dot display was greater than that of younger adults (Ball &
Sekuler, 1986). The mechanism that underlies this reduction in direction selectivity likely
reflects the effects of decreased visual cortical inhibition affecting neurons as early as V1. While
V1 neurons are not as closely correlated to the perception of coherent motion as medial temporal
(MT) cells, they are sensitive to the ‘component’ motion of a moving stimulus and indicate
whether a stimulus is orthogonal to its preferred orientation (Movshon, Adelson, Gizzi &
Newsome, 1986). The decrease in the proportion of directionally selective cells is even more
apparent in area MT, where there is a greater decrease with age compared to V1 (Liang, Yang,
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Li, Zhang, Wang, Zhou, & Leventhal, 2010). These changes are thought to mediate the decline
in motion perception with age.
Indeed, psychophysical experiments have provided some support for the physiological
findings of decreased GABA-ergic inhibition in visual cortex. Under normal circumstances,
increasing the size of a high-contrast stimulus makes it more difficult to discriminate direction of
motion, as a neuron’s response to a high-contrast stimulus is suppressed when the stimulus
exceeds the boundary of the receptive field (e.g., spatial suppression) (Angelucci & Bullier,
2003). However, older adults have been shown to utilize a shorter duration period to
discriminate motion for large, high-contrast gratings compared to young adults (Betts, Taylor,
Sekuler & Bennett, 2005), suggesting that the decrease in visual cortical inhibition with aging
affects the response properties of directionally selective neurons. Differences have also been
observed in older adults’ ability to derive other sources of information from motion. For
example, a decline has been observed in the utilization of global optic flow information to
perceive self-motion or heading (Warren, Blackwell, Morris 1989). There is also evidence that
older adults are less sensitive to form as derived from temporal structure (Blake, Rizzo &
McEvoy 2008). The performance of younger observers revealed a greater sensitivity in
distinguishing a global spatial structure from small stimulus elements undergoing rapid (i.e.,
temporal) change.
In addition to difficulty with the processing of time-varying stimuli, the effects of aging
with respect to slowed visual processing speed have also been well studied for several decades.
Slowed processing speed has significant impact on elderly functioning and has been associated
with an increased risk for vehicular accidents (Ball, Roenker, Wadley, Edwards, Roth, McGwin,
et al., 2006; Cross, McGwin, Rubin, Ball, West, Roenker et al., 2009) and falls (Sims, Owsley,
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Allman, Ball & Smoot, 1998), greater propensity for depressive symptoms (Wolinsky, Vander
Weg, Martin, Unverzagt, Ball, Jones, et al., 2009), and longer completion time for requisite
visual tasks in daily living (Owsley, McGwin, Sloane, Stalvey, & Wells, 2001). Even in older
adults free of neurologic conditions that are associated with cognitive decline (e.g., dementia,
stroke), the time required for them to identify, detect, and discriminate visual information is
increased (Kline & Birren, 1975; Walsh, 1976; Walsh, Williams & Hertzog, 1979; Salthouse,
1991). However, deficits in processing speed with age have been shown to be amenable to
interventions that aim to improve visual search and attentional performance with practice (Ball,
Beard, Roenker, Miller & Griggs, 1988; Ball et al., 2002; Edwards, Wadley, Myers, Roenker,
Cissell & Ball, 2002).
In contrast to the more pronounced effects of age on the dorsal pathway of visual
processing, the changes to the ventral or “what” pathway are more variable and less well studied.
Face perception represents a high-level form process mediated by the ventral pathway in both
monkeys (Gross, 1992) and humans (Kanwisher, McDermott, & Chun, 1997). Neuroimaging
has been helpful in localizing the fusiform gyrus in the occipitotemporal area as important for
face perception (Courtney, Ungerleider, Keil & Haxby, 1996; Haxby 1996; McCarthy, Puce,
Gore, & Allison 1997). Initial studies had concluded that face discrimination was largely
unchanged with age, except when face stimuli were presented under low contrast or with noise
(Crook & Larrabee, 1992; Grady 2002; Owsley, Sekuler & Boldt, 1981). These studies utilized
primarily frontal views of faces. However, when older observers were asked to perform a task of
face matching for heads viewed at different side orientations, their performance revealed a
consistent deficit relative to younger observers (Habak, Wilkinson, & Wilson, 2008). Using a
face adaptation paradigm in which subjects adapted to a side view of a face, Wilson et al. (2011)
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demonstrated that older observers experienced a significantly greater aftereffect compared to
younger observers when subsequently presented with a test face and required to judge whether
the face was perceived as oriented to the left or right of the frontal view, which reflected a
broadening of bandwidth for face orientation. The authors hypothesized that representation of
multiple face views may have been sharpened through lateral inhibition in young age, but were
broadened in the elderly as a result of decreased cortical inhibition (Wilson, et al., 2011, Habak
et al., 2008).
While perceptual experiments have yielded more prominent findings for changes in
dorsal pathway functioning, structural and functional imaging studies have yielded conflicting
results regarding the two visual processing streams. Experimenters measuring regional cerebral
blood flow (rCBF) found little change in occipital and temporal regions (ventral pathway) with
age (Waldemar, 1995), particularly relative to occipito-parietal (dorsal) areas (Grady et al., 1994,
1995). Their findings suggested that aging might also weaken the connections between these
two processing areas. One cross-sectional study examining magnetic resonance images (MRI) of
healthy subjects found cortical volume loss in both superior parietal and inferior temporalfusiform regions (Raz, Gunning, Head et al., 1997). However, postmortem and several other in
vivo neuroimaging studies have suggested more prominent loss of the temporal cortices
(Arriagada, Marzoloff, Hyman, 1992; Haug, 1985, Heinsen, Henn, Eisenner et al., 1994).
The reduction of GABA inhibition in the aging cortex thus appears to underlie a number
of visual deficits, notably in dorsal pathway functioning, but also in high-level processes of the
ventral pathway such as face perception. However, the extent to which aging processes,
including reduced GABA-ergic inhibition, affect levels of processing earlier in the ventral
pathway stream are not yet fully understood. Specifically, how does aging impact perception
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prior to the recognition of specific objects, such as in the recognition of 3-D shape, illumination,
and orientation in space? Do the changes in cortical inhibition alter the tuning properties of
neurons in striate cortex sensitive for orientation, which help to define object boundaries and
separate objects from one another and the background (i.e., perceptual segregation)?

Aging and Shape Perception
The ability to correctly interpret shape information is an important daily function
mediated by the intermediate stages of the ventral object processing pathway. The processing of
shapes of intermediate complexity requires the global pooling of local orientation information
from early stages of visual processing into contours (Loffler, 2008). Contour integration is
considered to be a requisite to perceive the various close-shaped objects in the natural world
(e.g., the outline of a face) (Weymouth & McKendrick, 2012). In contrast to the research that
has been conducted on higher and lower stages of the object-processing stream, relatively few
studies have examined the effects of aging on the intermediate stages of form processing. Of the
studies that have been conducted, researchers have examined whether aging impacts the ability
to perceive closed shapes, as well as shapes that require integration of local orientation
information (i.e., shape from texture).
Imaging studies have implicated V3 and V4 in the ventral pathway as key regions of
intermediate form processing for closed shapes and oriented textures (Gallant, Braun & Van
Essen, 1993; Gallant, Shoup & Mazer, 2000; Otswald, Lam, Li, & Kourtzi, 2008; Wilkinson,
James, Wilson, Gati, Menon & Goodale, 2000). The ability to detect linked contours and closed
shapes is correlated with the perception of contoured objects in the natural environment (e.g., the
outline of a head). In order to study the integration of local features into contours, studies have
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typically used a contour integration task in which observers are asked to detect a line or shape
(Figure 3) composed of local features amongst noise elements (Field, Hayes, & Hess, 1993).
Contour integration is thought to occur via a multitude of linked V1 cells with similar
orientation preferences. Physiological recordings from
complex cells in monkey V1 showed that approximately half
the cells facilitated oriented stimuli outside of its classical
receptive field, but only if that stimulus shared similar
orientation characteristics (Kapadia, Ito, Gilbert, Westheimer,
1995). Closed-shape discrimination has been previously
shown to be relatively well preserved in normal aging for
circular objects of low spatial frequency and suprathreshold
contrast (Habak, Wilkinson & Wilson, 2009; Wang, 2001;
Wang, Morale, Cousins & Birch, 2009; McKendrick,
Weymouth & Battista, 2010). However, older observers are
generally not able to perform inter-element linkages over the
	
  
same distances as younger observers (McKendrick et al.,
2010). This is thought to reflect anatomical and
physiological changes with age to the V1 pyramidal cells

Figure 3: Examples of closed
circular (top) and elliptical (middle)
contour stimuli composed of local
elements, and a circular contour
embedded amongst noise distractors
(bottom) (McKendrick et al., 2010).

that underlie long range connections important for contour
integration. Specifically, reductions in dendritic and spine profiles (Peters, Moss, & Sethares,
2001) and increased latency in signal timing in early visual cortical areas (Wang et al., 2005) as
seen in older rhesus monkeys may contribute to a decline in tasks requiring perceptual grouping.

	
  

21	
  
As previously described, shape can also be conveyed by changes in texture. In order to

specifically examine how local orientation information might be grouped to yield the extraction
of global shape, a number of studies have
utilized what are known as Glass patterns.
Glass patterns consist of dipoles (i.e., dot
pairs) that are aligned according to a polar
global shape rule to convey a coherent
	
  
structure (Glass, 1969; Glass & Perez,
1973). The global shape transformation
can include concentric (Figure 4), spirals,

Figure 4: Glass patterns. A random set of dots
(Glass, 1969) from random paint drops (left). A glass
pattern generated from copying, rotating, and
overlaying the same pattern of dots (right).

radial, and other spatial patterns. The percept of a Glass pattern structure requires the correct
pairing of local dipoles while suppressing or minimizing incorrect pairings. Although the
mechanism underlying neural extraction is not yet fully understood, many studies using Glass
patterns have sought to quantify the minimum number of coherent dipoles necessary for
observers to extract shape amongst randomly oriented “noise” dipoles. In a recent study,
Weymouth & McKendrick (2012) compared the performance of young and older observers in
their ability to extract shape from texture using Glass stimuli. They found that even when
matched for differences in contrast sensitivity across age groups, older adults had greater
thresholds for discriminating shape from Glass patterns. These experiments suggest that older
observers may have greater difficulty in extracting global shape from textured noise compared to
contrast-defined closed contours (Weymouth & McKendrick, 2012). The authors proposed that
reduced GABA inhibition with age and increased neural noise as demonstrated in previous
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physiological studies may account for the higher signal-to-noise ratio required for shape
discrimination (Schmolesky et al, 2000; Leventhal et al., 2003).

Future Directions
The ability to perceive 3-D shape is one of the most fundamental functions of our visual
system, enabling form perception, as well as navigation and interaction with the world around us.
As described earlier, researchers have sought to understand 3-D shape perception in normal
vision using different methodologies and explanatory models. While systematic changes of
texture information on a surface (i.e., texture gradients) can be a cue to slant or shape, attempts
to examine shape perception through biologically plausible models may have greater utility in
determining whether senescent changes impacting those specific physiologic mechanisms have
perceptual consequences. Li and Zaidi (2000) described a model for inferring 3-D shape from
orientation flows, characterized by correlated changes in orientation across the projected image
of a surface. It may be the case that reductions in intracortical inhibition with age, which
broaden the orientation selectivity of V1 neurons (Schmolesky et al., 2000, Yu, Wang, Li et al.,
2006), might also affect the ability to accurately extract the orientation flow patterns necessary
for perceiving 3-D shape. It may also be the case that since it has been shown older adults
cannot link contour information over the same distances as young observers (McKendrick et al.,
2010), there may be a functional degradation in the ability to perceive 3-D shape from
orientation flows. Although the psychophysical literature has not shown effects on orientation
processing with age, the ability to discriminate global 2-D shapes and other higher-level tasks
(e.g., faces) appear to be altered in normal aging. The extent to which orientation flows can be
accurately utilized to perceive 3-D shape in older adults has yet to be examined. However, given
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the known decline in spatial frequency sensitivity due in large part to optical changes, the visual
system may be more dependent on orientation flows as a cue to 3-D shape.
Understanding the mechanisms that underlie important visual processes for daily
functioning can aid in the study of age-related changes. In order to develop therapies and
devices to maintain visual function with age, it must first be established which visual processes
decline and which remain intact. Even in ‘non-pathological’ aging, there is evidence of
differentially affected visual function with age. The effects of differences in optical properties of
the eye and in dorsal pathway functioning have been the most studied.
While there are many aspects of visual aging that are not yet understood, there is evidence of
some degree of neural adaptation that allows for the maintenance of certain perceptual abilities
across the lifespan. At times this has placed physiological and psychophysical experimental
findings at odds with one another. However, the utility in identifying and studying instances of
preserved visual functioning with age may be in understanding the specific adaptive mechanisms
that mitigate loss of function despite physiological and structural changes (Owsley, 2011).

Role of Orientation and Frequency in 3-D Slant and Shape Perception
As previously described, it has been demonstrated that correct 3-D shape perception
hinges on the visibility of patterns of orientation flows formed by perspective convergence (i.e.,
visible lines of a texture which converge in the image with increasing depth along the surface).
While orientation flows appear to be critical for 3-D shape perception, it is currently unclear the
extent to which they contribute to shape perception relative to other cues for 3-D shape and slant,
such as changes in spatial frequency. Although frequency modulations and density gradients
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appear to convey surface slant for large fields of view (Todd, Thaler & Dijkstra, 2005), for
smaller fields of view, frequency modulations in isolation can provide ambiguous information
about the direction of surface slant and thus may not be considered a generally reliable cue to 3D shape (Li & Zaidi, 2000, 2003, 2004). Our hypothesis is that the visibility of orientation
information in perspective images is the dominant cue to the perception of 3-D slant and shape.
After having determined the relative contributions of orientation and frequency in the
perception of slant and shape, we seek to then determine the effects of senescence on orientation
discrimination ability and sensitivity to 3-D shape by comparing the performance in young and
older healthy observer groups. Although there is evidence in animal models of physiological
changes with age in low-level orientation-tuned mechanisms, we hypothesize that, consistent
with previous studies (Betts et al., 2007; Delahunt et al., 2008), the perceptual consequences of
senescence in low-level orientation processing will be unaffected by age. As some differences in
facial perception have been found on matching tasks in older individuals (Habak, Wilkinson, &
Wilson, 2008), it is anticipated that there will be deficits in mid-level form perception that would
suggest that the effect of senescence on visual functioning becomes more marked in upstream
ventral pathway areas. The current study will contribute to an understanding of the extent to
which form processing along the ventral pathway is affected by age.
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Specific Aims
Specific Aim 1: Determine the relative contributions of changes in orientation and frequency to
the detection of slant and shape from 3-D surfaces projected in perspective. In the first
experiment, we will determine the dominant cue to 3-D shape perception for surfaces in which
the changes in orientation and frequency information specify inconsistent directions of slant and
shape by quantifying whether the perception of slant or curvature was consistent with that
specified by orientation or that specified by frequency information. In the second experiment,
the extent to which orientation and frequency information contribute to slant perception when
specifying consistent slants will be quantified by comparing the amount of surface slant required
to detect pattern changes in orientation and frequency information to the amount of surface slant
required to detect slant for a plaid-textured surface containing both orientation and frequency
changes. This aim will be addressed by Experiments 1-2.
Specific Aim 2: Determine the effects of senescence on the ability to discriminate orientation.
Delahunt & Werner in 2008 demonstrated that orientation discrimination thresholds across
young and older observer groups were not significantly different when age-related differences in
contrast sensitivity were taken into account. In similar experiments, we will establish contrast
thresholds as baseline measurements for younger and older participants, and then measure
orientation discrimination thresholds for a range of stimulus contrasts based on individual’s
contrast thresholds obtained from the baseline experiment. This aim will be addressed by
Experiments 3-4.
Specific Aim 3: Determine the effects of senescence on the sensitivity to 3-D shape. In two
separate experiments, we will measure sensitivity to 3-D shape between young and old observer
groups by measuring the amount of surface curvature required to distinguish surface curvature
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from flat surfaces (3-D shape detection threshold), as well as that needed to discriminate two
curved surfaces (3-D shape discrimination threshold). The stimuli used in this experiment will
be equated for visibility using each individual’s established baseline contrast threshold. This aim
will be addressed by Experiment 5.
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General Methods

Observers
Five observers participated in Experiments 1 and 2. Two of the observers were naïve to
the task, while 3 were non-naïve. In Experiments 3, 4, and 5; 9 younger (4 male/5 female, mean
age 26.4, range 20-31) and seven older (4 male/3 female, mean age 65.4, range 60-74)
participants were tested. All observers had a corrected acuity of 20/25 or better in the tested eye
as assessed by an ETDRS (Early Treatment Diabetic Retinopathy Study) eye chart from
Precision Vision situated 8’3” from observers. Observers completed a brief interview screen in
which they were asked about any known ocular health conditions, such as ocular degeneration,
glaucoma, diabetic retinopathy, and were excluded on the basis of any significant history of
visual pathology. Both observer groups were administered the Judgment of Line Orientation
(JLO; Benton, Hamsher, Varney & Spreen, 1983), a 30-item neuropsychological test of
visuospatial perception. For this measure, observers were presented with a test booklet and
multiple-choice card. They were then instructed to look at two lines on the stimulus card, and to
indicate, “which of the two lines below are in exactly the same position and point in the same
direction” on the multiple choice card containing an array of oriented lines. An inclusionary
criteria of <+1 SD was used normatively for both younger (Benton et al., 1994) and older adults
(Mayo’s Older Americans Normative Studies or MOANS). All participants in the younger
(JLO: mean total score: 27, range: 22-30) and older observer groups (JLO: mean total score: 27,
range 23-30) scored within normal limits. Older observers also completed the Dementia Rating
Scale-2 (DRS-2; Mattis, 1988) to screen for age-related dementia, using an inclusionary criterion
of <+1 SD for the total score based on the MOANS norms. The DRS-2 measure briefly screens
cognitive functioning in five domains: attention, initiation/perseveration, construction,
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conceptualization, and memory. All older subjects scored within the normal range on the DRS-2
(DRS-2: mean total score: 138.3, range 134-142, mean MOANS scaled score: 10.28), and also
well above the cutoff score of 123/144 associated with dementia (Montgomery & Costa, 1983).
Demographic information for both observer groups and scores on the screening measures are
presented in Table 1. Written informed consent was obtained from all observers with approval
from the Institutional Review Board from Queens College of the City University of New York.
Table 1

Apparatus and Presentation
All stimuli were generated in MATLAB, converted to bitmap format in Adobe Photoshop
CS5 and presented on a calibrated 22” Mitsubishi Diamond Pro 2070 flat screen CRT monitor
with a 1024x768 pixel resolution at a refresh rate of 100 Hz. The monitor was driven by a
Cambridge Research Systems ViSaGe (CRS) Visual Stimulus Generator running on a 3.2 GHz
Pentium 4 PC. Experimental code was written in MATLAB 7.4 using the CRS Toolbox.
Observer responses were recorded using a CRS CB6 infrared response box.
Observers’ head positions were fixed with the use of a chinrest situated 1 m from the
stimulus monitor. In all conditions, the center of the screen was level with the observer’s eye.
When one stimulus was on screen, it was centered, or if two stimuli were presented
simultaneously they were both equally spaced 3.25 deg to the left and right of center. Viewing
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was monocular in a dimly lit room, with no audio feedback except to indicate that a response had
been registered.

Specific Aim 1: Determine the relative contributions of changes in orientation and frequency to
the detection of slant and shape from 3-D surfaces projected in perspective. This aim will be
addressed by Experiments 1-2.

Experiment 1: Perceived Slant and Curvature from Inconsistent Orientation and
Frequency Cues
Li and Zaidi (2001) demonstrated phenomenologically that for textured surfaces
corrugated in depth, changes in orientation information (orientation modulations or OMs) in the
perspective image dictated the percept even when changes in frequency (frequency modulations
or FMs) specified inconsistent curvatures. In the first experiment, we sought to systematically
quantify this for planar surfaces slanted in depth out of the fronto-parallel plane and corrugated
surfaces. We tested slanted and corrugated surfaces containing OM and FM information
specifying slants and curvatures that were inconsistent by varying degrees, where the slant or
curvature specified by one modulation was fixed, while the slant or curvature specified by the
other was varied (and vice versa). If OMs are indeed the dominant cue for slant and shape
perception, then changes in orientation should dictate the percept even when FMs specify surface
slant or curvature in an opposing direction.
Stimuli
All stimuli were presented in a circular aperture subtending 6.5 deg (11.36 X 11.36 cm
viewed at a distance of 1 m) on a grey background with a mean luminance of 54 cd/m2. A black
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central fixation cross subtending 17 x 17 arc min was present at the center of the screen for the
entire duration of all sessions.
In the inconsistent slanted condition, stimuli were generated by mapping developable
planar surfaces with different textures, slanting them around a vertical axis of rotation and
projecting them in perspective. Developable (folded) surfaces are curved in depth along no more
than one axis in 3-Dimensional space, for example imagine slanting or bending a piece of paper
without tearing it. For developable surfaces, the texture on the surface remains unchanged,
although texture distortions are visible when viewed in perspective. Surfaces were patterned
with 2 cpd horizontal and vertical gratings at 50% contrast obtainable on the display monitor,
and 2 cpd horizontal-vertical plaids at 100% contrast. Slanting the surfaces about a vertical axis
and projecting them in perspective produces systematic changes in orientation (orientation
modulations or OM) in the horizontal gratings and systematic frequency modulations (FM) in the
vertical gratings (see Figure 5A & 5B). For one set of the stimuli (OM-fixed), the OMs were
fixed in pattern specifying +30 deg slant angles while the FMs were varied from specifying the
same slant angle as the OMs to an angle of equal but opposite sign (in 10 deg increments) (see
Figure 6A). The other set (FM-fixed) contained FMs specifying a fixed +30 deg slant angle
while the slant angle specified by the OMs was similarly varied (Figure 6B).
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Figure 5: Texture-mapped developable planar surfaces used in Experiment 1. Surfaces
shown here were slanted 30 deg to the left around a vertical axis of rotation. (A) Surfaces
mapped with horizontal gratings predominantly produced changes in orientation (orientation
modulations or OM). (B) Surfaces mapped with vertical gratings produced changes in
frequency (frequency modulations or FM). (C) Surfaces mapped with plaid textures, which
were the sum of horizontal and vertical gratings, contained both OM and FM changes.
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Figure 6. Slanted and corrugated surfaces containing inconsistent OM and FM information. Panels A and
B illustrate the inconsistent slanted condition in which planar surfaces were mapped with a horizontal-vertical
plaid containing both OM and FM information. (A) Slant specified by the OMs was fixed at +30 deg while that
specified by the FMs was varied from specifying the same slant angle to a slant of equal but opposite sign (B)
Slant specified by the FMs fixed at +30 deg while the slant angle specified by the OMs was similarly varied. In
the inconsistent corrugated condition (C and D), stimuli were texture mapped surfaces which were corrugated
sinusoidally in depth as a function of horizontal position. The amplitude of the central concavity or convexity of
the shapes was varied in cm. Panels C and D are examples of our two stimuli set, where in one (C) the
amplitude specified by the OMs was fixed at +5 cm amp while that specified by the FMs was varied from
specifying the same curvature to a curvature of equal but opposite sign, and the other (D) illustrates when
amplitudes specified by the FMs were fixed at +5 cm amp while that specified by the OMs was similarly varied.
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Procedure
All sessions began with a 60 sec fixation period to a mean grey screen followed by a tone
to signal the start of the trials. An audio beep coincided with the presentation of each test
stimulus. Stimuli were presented for 250 msec each. Following each stimulus presentation, a
500 msec Gaussian noise mask was presented to minimize potential afterimages of the test
stimuli. The screen then remained at the mean grey until the observer made a response. Each
session lasted approximately 15-20 minutes.
In the inconsistent slanted condition, observers performed a single interval two
alternative forced choice (2AFC) task in which they were asked to indicate whether a planar
surface textured with a plaid containing both OMs and FMs appeared slanted to the left (i.e., left
edge appearing farther than the right) or right (vice versa). Both OM-fixed and FM-fixed stimuli
were randomly interleaved into one session. There were a total of 280 trials (4 fixed OM/FM
modulations at +30 deg x 7 slant angles x 10 trials).
The inconsistent corrugated condition was analogous in design to the above condition, in
which observers were given a single interval task but asked to indicate the sign of surface
curvature (convex or concave) for a plaid textured corrugated surface. As in the above
condition, OM-fixed and FM-fixed stimuli were randomly interleaved into one session. There
were a total of 440 trials (4 fixed OM/FM modulations at +5 cm amplitude x 11 corrugation
amplitudes x 10 trials).
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Results

A

B

Figure 7: Perceived direction of slant and curvature for surfaces with inconsistent OM and FM information.
Percentage of trials reported consistent with a pattern at a fixed slant angle of +30 deg (top) or corrugation
amplitude of +5 cm (bottom) plotted vs. the range of slants/corrugations specified by the other pattern. For each
panel, data are averaged across five observers and error bars represent 95% confidence intervals.

For the inconsistent slanted condition, the percentage of trials reported consistent with the
pattern (OM or FM) at a fixed base slant of +30 deg was plotted vs. the range of slants specified
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by the other pattern (Figure 7A and 7B). Data for the trials containing the fixed pattern at
positive and negative base slants were plotted separately in each graph. Error bars represent 95%
confidence intervals. In Figure 7A, the results showed that when the slant specified by the OMs
was fixed at +30 deg, the percentage of responses for the perceived direction of slant were
wholly consistent with the fixed OM slant angle, even if the FMs specified a slant of the opposite
sign to the same degree. In contrast, when the slant specified by the FMs was fixed at +30 deg,
the proportion of responses consistent with FM-specified slant was greatest only when the FMs
and OMs specified the same slant (Figure 7B). With increasing deviation of slant specified by
the OMs, the percentage of responses consistent with OM-specified slant increased such that
they were completely consistent with this slant when the OMs specified a slant to the same
degree as the fixed FMs but of opposite sign.
The same pattern of results was observed for the inconsistent corrugated condition.
Figure 7C and 7D plot the percentage of trials reported consistent with the pattern (OM or FM)
at a fixed corrugation amplitude of +5 vs. the range of amplitudes specified by the other pattern.
As was the case for inconsistent slanted surfaces, observer responses followed the corrugation
specified by the OMs, regardless of whether the FMs specified a concavity or convexity. Taken
together, these results indicate that slant and shape judgments were dictated by OM information,
even when the FMs specified a slant or shape in the opposite direction to the same degree.

Experiment 2: Contributions of Orientation and Frequency to Perception of Surface Slant
The goal of this second experiment was to quantify the contributions of orientation and
frequency to the perception of slant when the two specify consistent slants. We first measured
the minimum amount of slant required to perceive pattern changes in OM and FM-only stimuli.
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We then compared these thresholds to the minimum slant required to perceive the 3-D slant of a
surface containing both OM and FM information. If the perceived slant is dictated by the
visibility of OMs or FMs, then the amount of slant required to detect surface slant would be
similar to the amount of slant required to detect the dominant pattern cue.

Design
We sought to measure the perception of OM and FM patterns and determine how
perceptions of these patterns, which are 2-D in nature, relate to the perception of 3-D surface
slant. Thus there were two different types of tasks – tasks that required judgments about 2-D
patterns and tasks that required judgments about 3-D surface slant. We examined pattern and
slant percepts for two surface conditions: in the 0-deg condition, percepts were measured for
surfaces around the fronto-parallel plane (slant detection task); in the 30-deg condition, percepts
were measured for surfaces deviating in slant around an existing ±30 deg slant (slant
discrimination task).
In the 0-deg condition, observers were presented with stimuli varying in slant around the
fronto-parallel plane patterned with OMs, FMs, or both in a plaid (Figure 5). Stimuli were
presented in a single interval paradigm and observers were asked to indicate the direction (left or
right) in which the 2-D pattern changed (for OMs and FMs) or in which the surface appeared
slanted in depth (plaid). Specifically, for OMs observers were asked to indicate the direction in
which the lines converged, and for the FMs the direction in which the width of the bars
decreased. Each of the three pattern types was tested in a single session consisting of 270 trials
(18 slant angles x 15 trials) in which the stimuli were presented in random order. Each observer
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ran 3 sessions for each pattern type for a total of 9 sessions in the experiment. The order in
which the stimuli conditions were run was randomized within and across observers.
In the 30-deg condition, observers were presented with stimuli varying in slant around an
existing ±30 deg slant also patterned with OMs, FMs, or a plaid. In each trial, two stimuli were
presented simultaneously to the left and right of fixation; one stimulus was a base slant set at a
±30 deg slant, while the other was a test slant that deviated from the base slant and was always
more steeply slanted than the base slant. Observers were required to indicate the stimulus that
contained a greater change in OM or FM pattern, or that appeared more slanted in depth. There
were 210 trials in each session for the (7 slant angles x 15 trials x 2 fixed base slants). The test
slant presented as well as the side on which the base and test slant were presented onscreen were
randomized from trial to trial.
The motivation for using a single interval task for the 0-deg condition was to ensure that
observers judged the FM gradient rather than the overall frequency or effective contrast of the
stimulus. As surface slant is varied, so does the average frequency and effective contrast of the
FM stimuli, and these changes are more visible for surfaces varying around the fronto-parallel
plane than for surfaces varying around +30 deg over the range of slants required to determine
thresholds. Thus, in a two-interval paradigm around fronto-parallel, it would be possible for
observers to use average frequency or contrast as a cue. Although these potential confounds still
exist for the 30-deg condition, the range of slants required to detect pattern changes in the FM
stimuli (and therefore the range of average frequencies across these stimuli) was greatly reduced
compared to the 0-deg condition.
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Stimuli
Three main sets of test stimuli were generated by mapping developable planar surfaces
with different textures, slanting them around a vertical axis of rotation and projecting them in
perspective. For the OM and FM stimuli, surfaces were mapped with 2 cpd horizontal or vertical
gratings at 50% contrast obtainable on the monitor (Figure 5A and 5B). For the plaid stimuli, the
horizontal and vertical gratings were summed to generate plaid textured surfaces at 100%
contrast obtainable on the monitor, containing both OMs and FMs when viewed in perspective
(Figure 5C). The size of the stimuli and the manner in which they were displayed and viewed by
observers were the same as those in Experiment 1.
A preliminary study was run to determine the appropriate range of slants for each
condition and surface texture to be used in a method of constant stimuli. For each of the OM,
FM, and plaid patterns in the 0-deg condition, 18 test stimuli were generated by slanting the
patterns around a vertical axis of rotation, with half the stimuli slanted leftward and the other half
slanted rightward. Slant angles of the OM stimuli were + 1, 2, 4, 6, 8, 10, 12, 14 and 16 deg;
slant angles of the FM stimuli were + 1, 8, 16, 24, 32, 40, 48, 56, and 64 deg; and slant angles of
the plaid textured surfaces will be + 1, 3, 6, 9, 12, 15, 18, 21 and 24 deg.
For each of the OM, FM, and plaid patterns in the 30-deg condition, 14 test stimuli were
generated deviating from a fixed base slant of + 30 deg. For both the OM stimuli and the plaid
surfaces, the stimuli were + 2, 4, 6, 8, 10, 12, and 14 deg deviating from the fixed base slant of
+30. For the FM stimuli, the slant angles were + 1, 2, 3, 4, 5, 6, 7 deg deviating from the fixed
base slant of +30.
For generality, the 0- and 30-deg conditions were repeated using stimuli that were rotated
about a horizontal axis (i.e. floor/ceiling slant).
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Procedure
All sessions began with a 60 sec fixation period to a mean grey screen followed by a tone
to signal the start of the trials. An audio beep coincided with the presentation of each test
stimulus. Following each stimulus presentation, there was a 500 msec Gaussian noise mask.
The screen then remained at the mean grey until the observer made a response. Each session
lasted approximately 15-20 minutes.
In the 0-deg condition, stimuli were each presented for 250 msec. For the OM and FM
patterns, observers were asked to indicate the direction of convergence in OMs for the horizontal
gratings, or the direction of decrease in bar widths for the FMs in vertical gratings. For plaid
stimuli, observers were asked to indicate the direction of surface slant for a horizontal-vertical
plaid.
In the 30-deg condition, stimuli were presented for 800 msec, with the extra time being
necessary as observers were being asked to discriminate between two stimuli presented side by
side. Observers were asked to indicate which of the two stimuli contained either the greater
degree of OM or FM change, or the greater degree of surface slant in the plaid surface.
Results
For each of the three patterns in the 0-deg condition, the percentage of correct trials (i.e.,
reported consistent with the simulated direction of pattern (OM/FM) change or surface slant) was
plotted vs. the degree of surface slant. For the 30-deg condition, the percentage of correct trials
indicating which of two stimuli presented had the greater pattern change or surface slant was
plotted against the degree of surface slant from the fixed base slant. The percent correct for
positive and negative slants were averaged together at each slant value, with the threshold
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extrapolated from a Weibull fit of the averaged data. As an example, Figure 8 depicts the data
for one observer for one pattern in the 30-deg condition. The threshold was quantified from the
fitted averaged data as the amount of surface slant needed for an observer to correctly identify
the direction of pattern change or surface slant 75% of the time.

Figure 8: Sample data from a session using plaid stimuli in the 30-deg condition for one observer. Figure
plots the percentage of correct trials indicating which of two stimuli presented had the greater surface slant vs. the
degree of surface slant in degrees. Data points for positive and negative slant trials were averaged together and
fitted with a Weibull function to extrapolate the threshold. The detection threshold was quantified as the amount of
surface slant needed for an observer to correctly identify the direction of pattern change or surface slant 75% of the
time.

Data averaged across the five observers are shown in Figure 9. Each panel plots the
thresholds in degrees for the three pattern types for both the 0-deg (Figure 9A) and 30-deg
(Figure 9B) conditions. Figure 9C and 9D show results for the conditions when stimuli were
rotated about a horizontal axis (i.e., floor/ceiling slant). Significance was determined using 95%
confidence intervals, which are plotted as error bars in all graphs. For the 30-deg conditions
(Figure 9B and 9D), the threshold represented the amount of slant deviating from a fixed base
slant of +30 deg.
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Figure 9: Contributions of orientation and frequency to the perception of shallow and steep slants. Detection
thresholds in degrees for the three stimuli types: OM, FM, and plaid, for both the 0-deg (left) and 30-deg condition
(right). Panels A and B are data for stimuli slanted about a vertical axis of rotation, and panels C and D for stimuli
slanted about a horizontal axis of rotation. For the 30-deg condition, the detection threshold represented the amount
of slant deviating from a fixed base slant of +30 deg. For each panel, data are averaged across five observers and
error bars represent 95% confidence intervals.

In the 0-deg condition, the highest slant thresholds were consistently observed for the FM
pattern tasks regardless of axis of rotation. No significant difference was observed between the
amount of surface slant needed to identify the direction of pattern change for OMs and that
needed to detect the surface slant of the plaid. In the 30-deg condition, thresholds for
determining which of two stimuli had greater OM change was consistent with that needed to
judge surface slant of the plaid. Interestingly, the thresholds for FM stimuli in the 30-deg
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conditions were significantly lower than that of the OMs irrespective of axis of rotation. For
surfaces mapped with a plaid texture that were rotated around a vertical axis, there was no
significant difference in the amount of surface slant required for observers to detect the direction
of surface slant in the 0-deg condition and that needed to discriminate which of two stimuli
contained a greater degree of surface slant in the 30-deg condition. However, for surfaces
rotated around a horizontal axis (i.e., floor/ceiling slant), the amount of surface slant needed to
detect slant around fronto-parallel was significantly greater than that around 30-deg. These
results indicate that slant perception appears to be dictated by the detectability of OMs for slants
around the fronto-parallel plane. At steeper slants, OMs and FMs appear to be similarly
effective at conveying surface slant.
As the effective contrast of the FM stimuli decreased with increasing slant, one concern
was that observers may have been utilizing differences in effective contrast as a cue rather than
perceived FM gradients. An additional experiment was conducted using the method of limits in
which observers were presented with an FM pattern at 50% contrast at the maximum slant for
these stimuli used in the 30-deg condition (+37 deg). These were presented together with FM
stimuli of the different slants used in the 30-deg condition (with the two stimuli arranged in the
same spatial configuration as that used in that condition), in which the contrast was varied in
ascending and descending series for each of the varied slants. Observers were asked to indicate
which of the two stimuli was higher in contrast, and thresholds for equated contrast were
estimated from 6 series of trials (3 ascending and 3 descending) for each slant. The contrast
level of all the FM stimuli in the 30-deg condition which observers judged as perceptually
similar to the contrast of the FM pattern at the maximum slant was not significantly different.
Thus we do not think that effective contrast was a confounding factor in our FM stimuli.
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Specific Aim 2: Determine the effects of senescence on the ability to discriminate orientation.
This aim will be addressed by Experiments 3-4.
Experiment 3: Measuring Contrast Detection Thresholds
Having established the dominance of orientation information in the perception of slant
and shape, we sought to measure the effects of age on orientation perception. However, as
differences in contrast sensitivity are anticipated with age due to changes in ocular properties, the
goal of the third experiment was to first establish contrast thresholds for both the younger and
older observer groups in order to be able to equate orientation stimuli for visibility across
observers.
The degree of contrast required to detect vertically oriented Gabor patches was quantified
for each participant. The results were used to normalize the visibility of stimuli across the
observer groups in Experiments 4 and 5 to equal multiples of contrast detection thresholds, such
that the data could be compared for conditions in which stimuli were all equally visible. This
experiment was a partial replication of the methodology in Delahunt et al., 2008. Based on the
results of Delahunt et al., it is expected that significant differences will be obtained in contrast
sensitivity across the two age groups, with older observers having higher contrast thresholds
across the spatial frequencies measured.

Stimuli
The test stimuli were a set of luminance-varying, vertically oriented Gabor patches
(Figure 10), consisting of sinusoidal gratings that had a 2D Gaussian profile with a sigma equal to 1/4 of the
stimulus size. Spatial frequencies of 1, 2, and 4 cpd were
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used, with a randomized phase on each trial in order to reduce adaptation effects. The manner
and sizes in which the stimuli were displayed and viewed by observers was the same as those in
Experiment 1.

Procedure
Observers were asked to perform a temporal two-alternative forced choice (2-AFC) task,
in which they indicated in which time interval a Gabor was presented. The interval in which the
Gabor was presented was randomized from trial to trial. The Gabors of three different spatial
frequencies were interleaved into one session for a total of 180 trials (3 spatial frequencies x 6
contrast levels x 10 trials). The six contrast levels for each spatial frequency for the younger
observer group were initially determined through a pilot study, and ranged from .30% contrast to
1.8% in equal increments for 1cpd, 0.4% to 2.4% for 2cpd, and 0.4% to 2.4% for 4cpd. A pilot
study on a small number of older observers resulted in a range of contrasts from 1.25% to 3.5%
for 1, 2, and 4 cpd.
Each session began with a 60 sec fixation period to a mean grey screen followed by a
tone that signaled the start of the trials. An audio beep coincided with the presentation of each
stimulus. Stimuli were presented for 800 msec, with an ISI of the same duration. During the nostimulus intervals, the background mean grey field was presented for the same duration. The
screen then remained at the mean grey until the observer made a response. Each session lasted
approximately 10 minutes.
Results
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The mean contrast thresholds for 1, 2, and 4 cpd Gabor patterns are shown in Figure 11.

A clear trend was apparent such that older observers on average had higher contrast thresholds at
all three spatial frequencies. A twofactor mixed ANOVA confirmed a
main effect of age, F (1,14)= 7.707, p
= .015, as well as a main effect of
spatial frequency, F (1,14)= 3.407, p =
.047 which were statistically
significant. No significant interaction
effect was observed between age and
spatial frequency, F (1,14)= 1.878, p >

Figure 11: Contrast thresholds for younger (squares) and older
(open circles) observers for 1, 2, and 4 cpd Gabor patterns. Error
bars represent +1 SEM.

0.05. Across the two age groups, the
contrast thresholds necessary to detect

1 cpd Gabor patterns were significantly greater (F (1,14)= 10.048, p = 0.02) on average than that
needed to detect those at 2 cpd. There was no significant difference between the contrast
thresholds necessary to detect Gabor patterns between 1 and 4cpd (p = 1.0) or between 2 and 4
cpd (p = .122). These results are consistent with similar differences observed by Delahunt et al.,
2008, who found a main effect of age, with significant differences such that older individuals had
higher contrast thresholds for spatial frequencies of 1 and 4 cpd.

Experiment 4: Effects of Aging on Orientation Discrimination
The goal of the fourth experiment was to measure orientation discrimination thresholds
for a range of stimulus contrasts. For both younger and older observer groups, orientation
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discrimination thresholds for Gabor patches were obtained at contrast levels that were multiples
of the contrast threshold obtained in Experiment 3. This experiment was a partial replication of
Delahunt et al., 2008. Based on the results of Delahunt et al., it is predicted that the two age
groups will demonstrate significant differences in orientation discrimination thresholds.
However, when thresholds are expressed in units of contrast detection thresholds, i.e. when
contrast thresholds are used to normalize stimulus contrasts for visibility, the differences
between the two age groups will not be observed.

Procedure
Younger and older observer groups both performed a single interval 2-AFC task in which
they were asked to indicate whether a Gabor was tilted counterclockwise to the left/clockwise to
the right around the vertical axis. Each observer ran separate sessions for 1, 2, and 4cpd Gabor
stimuli, each with patches at four different contrast levels. The first three levels were multiples
of contrast threshold factors in equal logarithmic steps (2.83, 4.0, and 5.6), with the fourth level
presented at maximum contrast. The multiples of contrast thresholds set for each participant
were based on the contrast thresholds obtained in Experiment 3. In Delahunt 2008, their
experiment used six contrast levels, with the first two being multiples of the contrast threshold in
logarithmic steps of 1.41 and 2.0. These were not used in the current experiment, as reliable
thresholds could not be obtained that close to observer contrast threshold levels using our method
of constant stimuli. The methodology in Delahunt et al. involved an adaptive staircase
procedure in order to determine thresholds, which may have allowed for a more reliable estimate
at lower contrasts close to observers’ contrast thresholds.
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The experiment was blocked such that the older group matched the sequence of

orientation testing followed by the younger group. Each of the three sessions contained a total of
240 trials (1 spatial frequency x 4 contrast levels x 12 orientations x 5 trials) and lasted
approximately 15 minutes. The orientations ranged from +89.5 to +87 degrees in six equal
increments of 0.5 degrees. The manner and sizes in which the stimuli were displayed and
viewed by observers were the same as those in Experiment 1, with a stimulus presentation time
of 750ms, followed by a noise mask and ISI of equal duration.
Results
Orientation discrimination thresholds for both observer groups at the four contrast levels
are shown in Figure 12. Error bars represent +1 SEM of the threshold estimate for both x and y
axes. Repeated measures ANOVAs based on the differences in raw contrast (Figure 11) values
used for each group (i.e., observers’ contrast thresholds expressed as a percent contrast value)
showed that for older groups, the values of the contrast at the multiples of each observer’s
contrast threshold was significantly greater than the younger group at 1cpd (F = 5.147, p = 0.04)
and 4cpd (F = 7.272, p = 0.017), but not at 2cpd (F = 3.202, p > .05).
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Figure 12: Orientation discrimination thresholds for younger (squares) and older (open circles) observers for 1
(left), 2 (middle), and 4 (right) cpd. Error bars represent +1 SEM.

In order to take differences in contrast detection sensitivity with aging into account, the
data from Figure 12 were replotted as multiples of individual contrast detection thresholds in
Figure 13.
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Figure 13: Orientation discrimination thresholds replotted as multiples of contrast thresholds obtained in
Experiment 3 for younger (squares) and older (open circles) observers for 1 (left), 2 (middle), and 4 (right) cpd.
Error bars represent +1 SEM.
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When plotted in this manner, there was no statistically significant main effect of age
between younger and older observer groups at 1cpd, F(1,4) = 1.292, p > 0.05, 2cpd, F(1,4) =
2.284, p > 0.05, or 4cpd, F(1,4) = .409, p > 0.05. This indicates that when age-related
differences in contrast sensitivity were taken into account, both younger and older observer
groups demonstrated similar orientation discrimination thresholds across different spatial
frequencies. At 1cpd, orientation discrimination thresholds at maximum (100%) contrast were
significantly lower (p = .013) than that at 4x the contrast threshold across observers. At 2cpd,
orientation discrimination thresholds at maximum contrast were significantly lower than
thresholds for stimuli presented at 2.83x (p = .008) and 4x (p = .025) the contrast threshold
across observers.
Orientation"Discrimination"Thresholds"for"
Gabor"Patterns"(100%"contrast)
3
2.5

Figure 14: Orientation discrimination
thresholds for Gabor patterns at 100%
contrast for younger (squares) and
older (open circles) observers for 1, 2,
and 4 cpd. Error bars represent +1
SEM.
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Figure 14 shows the thresholds for discriminating the orientation of Gabor patterns at
maximum (100%) contrast for both younger and older observers. The results show that at high
suprathreshold contrasts, there was also no evidence of an age-related difference in orientation
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discrimination at spatial frequencies of 1 (F(1,14) = 1.22, p > .05), 2 (F(1,14) = 1.48, p > .05), or
4 (F(1,14) = .021, p > .05) cpd. Our results indicate that when orientation discrimination
thresholds were plotted in terms of multiples of detection threshold, age-related differences were
not observed.

Specific Aim 3: Determine the effects of senescence on the sensitivity to 3-D shape. This aim
will be addressed by Experiment 5.
Experiment 5: Effects of Aging on 3-D Shape Detection and Discrimination
The purpose of this experiment was to compare sensitivity to 3-D shape as conveyed by
orientation information between younger and older observer groups. Li and Zaidi (2000) had
previously demonstrated that correlated orientation changes (i.e., orientation flows) across the
projected image of a surface are critical for conveying shape. For both younger and older
observer groups, shape detection and discrimination thresholds for surfaces curved in depth were
obtained at contrast levels that were multiples of the contrast threshold obtained in Experiment 4.
If the detection and discrimination of orientation information is preserved with age, consistent
with previous findings (Delahunt et al., 2008), then there may be no observable decline in the
ability to perceive 3-D shape as conveyed by orientation flows. However, if senescence affects a
higher level process that extracts multiple orientation values across the image while leaving
lower processes intact, the ability for older observers to detect and discriminate 3-D shape based
on orientation flow information may be reduced compared to that of younger observers.
Stimuli
The test stimuli were surfaces corrugated in depth, and mapped with surface textures
using a carved volumetric solid technique (Li & Zaidi, 2004). They were generated from
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volumetric solids simulated by layering identical planar patterns of horizontal-vertical plaid
patterns along the depth (z) axis. Each solid was carved sinusoidally in depth as a function of
vertical position (y) with respect to the observer (Figure 15), using a method previously
described in Li & Zaidi 2004. For these corrugated surfaces, the critical orientation flows
conveying 3-D shape were generated by the vertical grating of the surface texture. This texture
mapping approach was utilized in order to minimize FMs in the orthogonal component, as
changes in frequency would be almost entirely due to relative distance as opposed to slant, and
because we sought to determine the effects of orientation flows on shape perception without the
confound of frequency modulations. The surfaces were texture mapped with horizontal-vertical
plaid patterns at frequencies of 1, 2, and 4cpd, at contrast levels that were multiples (2.83, 4.0,
and 5.6) of the thresholds obtained for each observer in Experiment 3. In contrast to
Experiments 1 & 2, the OMs for these stimuli resulted from the vertical grating of the plaid, with
the horizontal component exhibiting minimal FMs. Horizontal corrugations were used in this
experiment (resulting in orientation flows deviating around the vertical axis) in order to align
with the prior orientation discrimination experiments that measured sensitivity around the
vertical axis using vertically oriented Gabor stimuli. Each stimulus image contained 1.5 cycles
of the corrugation. Peak-to-trough amplitudes of the corrugations were varied in centimeters.
The use of a plaid texture-mapped surface provided the addition of a horizontal component,
which evoked a stronger sense of a 3-D surface. How this happens is an open question since the
carved mapping approach utilized ensures that the changes in frequency (FMs) of this additional
component provide minimal contributions to perceived slant or shape. The size of the stimuli
and the manner and environment in which they were displayed and viewed by observers were the
same as those in Experiment 1.
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Figure 15: Textured convex
surfaces with an amplitude of
+14cm and a plaid pattern at 1
(left), 2 (middle), and 4 (right)
cycles per degree.

Procedure
In the shape detection condition, younger and older observer groups both performed a
two temporal interval AFC task in which they were asked to indicate which of two stimuli
presented contained a curved (either concave or convex) surface. In one interval (standard), a
flat surface mapped with a plaid texture was presented. In the test interval, a concave or convex
surface of variable curvature was presented. Each observer ran separate sessions for 1, 2, and
4cpd textures, each with stimuli at four different contrast levels. Similar to Experiment 4, the
first three contrast levels were multiples of contrast threshold factors in equal logarithmic steps
(2.83, 4.0, and 5.6), with the fourth level presented at maximum contrast. Both the standard and
test intervals were matched in contrast for each trial. Each of the three sessions contained a total
of 280 trials (14 different amplitudes [7 convex, 7 concave] x 5 trials per condition x 4 contrast
levels) and lasted approximately 15 minutes. The ranges tested were determined from pilot
studies. For 1 and 2 cpd textures, the amplitudes tested ranged from +2 to +14cm in seven equal
increments of 2cm. For 4 cpd textures, the amplitudes ranged from +1 to +7cm in equal
increments of 1cm. The manner in which the stimuli were displayed and viewed by observers
was the same as those in Experiment 1, with a stimulus presentation time of 800ms, followed by
a noise mask and ISI of equal duration.
In the shape discrimination condition, young and older observer groups performed a two
temporal interval AFC task in which they were asked to indicate which of two stimuli presented
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contained greater surface curvature. In each trial, two stimuli were presented in sequential
intervals, with one containing a surface of fixed curvature (+6cm amp), and a test interval
containing varying degrees of greater curvature. Similar to the shape detection condition,
separate sessions were run for 1, 2, and 4cpd textures, with four contrast levels presented that
were multiples of the thresholds obtained from Experiment 3. Both the standard and test
intervals were matched in contrast for each trial. There were six sessions, half for judgment of
convex surfaces and the other half for concave. For each surface type, the three sessions
contained a total of 280 trials (14 different amplitudes [7 convex, 7 concave] x 5 trials per
condition x 4 contrast levels) and lasted approximately 15 minutes. For 1 and 2 cpd textures, the
amplitudes tested ranged from +7 cm to +14 cm in seven equal increments of 1cm. For 4 cpd
textures, the amplitudes tested ranged from +6.5 to +7cm in equal increments of 0.5cm. The
interval in which the standard and test stimuli appeared was randomized from trial to trial.
Results
Shape detection thresholds for both observer groups at the four contrast levels are shown
in Figure 16. As in Experiment 4, the stimuli were presented at the same multiples of contrast
threshold in logarithmic steps. In order to equate the stimuli across younger and older observers,
the data were replotted in Figure 17 as multiples of individual contrast detection thresholds.
Error bars represent +1 SEM of the threshold estimate for both x and y axes. When shape
detection thresholds were expressed as multiples of individual contrast detection thresholds, the
main effect of age was not statistically significant for 1cpd (F(1,4) = 2.922, p > .05), 2cpd
(F(1,4) = 1.948, p > .05), or 4cpd (F(1,4) = 1.219, p > .05). At 1cpd, shape detection thresholds
at maximum (100%) contrast were significantly greater (p = .003) than that at 4x the contrast
threshold across observers. At 4cpd, shape detection thresholds at 5.66x were significantly lower
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Figure 16: Shape detection thresholds for
younger (squares) and older (open circles)
observers for 1 (left), 2 (middle), and 4
(right) cpd. Error bars represent +1 SEM.

Figure 17: Shape detection thresholds replotted
as multiples of contrast thresholds obtained in
Experiment 3 for younger (squares) and older
(open circles) observers for 1 (left), 2 (middle),
and 4 (right) cpd. Error bars represent +1 SEM.
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than stimuli presented at 2.83x (p = .033) the contrast threshold across observers. There was also
a non-significant trend for older observers to have lower shape detection thresholds compared to
younger observers.

Figure 18: Shape detection
thresholds for concave and
convex shapes (averaged
together) at the maximum
contrast for younger (squares)
and older (open circles)
observers for 1, 2, and 4 cpd.
Error bars represent +1 SEM
across observers.

Figure 18 shows the thresholds for detecting the concave and convex curvatures at
maximum (100%) contrast for both younger and older observers. The results indicate that at
high suprathreshold contrasts, there was no evidence of an age-related difference in shape
detection at spatial frequencies of 1 (F(1,4) = .773, p > .05), 2 (F(1,4) = .993, p > .05), or 4
(F(1,4) = .308, p > .05) cpd.
Shape discrimination thresholds for both observer groups at the four contrast levels are
shown in Figure 19, indicating the amount of curvature needed deviating from a fixed base
amplitude of +6cm in order for subjects to correctly discriminate shape 75% of the time. There
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was again a non-significant trend for older observers to differ from younger observers in their
threshold performance, although in this case older observers had higher shape discrimination
thresholds.
Figure 20 shows the data replotted as multiples of contrast threshold factors in
logarithmic steps, with error bars representing +1 SEM of the threshold estimate for both x and y
axes. When shape discrimination thresholds were expressed as multiples of individual contrast
detection thresholds, the main effect of age was not statistically significant for 1cpd (F(1,4) = .1,
p > .05) or 2cpd (F(1,4) = 2.68, p > .05). However, a significant main effect of age was found
for 4cpd (F (1,4)= 4.712, p = 0.04), indicating that older observers had higher shape
discrimination thresholds compared to younger adults at the highest spatial frequency. There
was no significant interaction (F(1,4) = .263, p > .05) between age and the different multiples of
contrast thresholds. At 1cpd, shape discrimination thresholds at maximum (100%) contrast
were significantly lower (p = .024) than that at 2.83x the contrast threshold across observers.
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Figure 19: Shape discrimination thresholds
for younger (squares) and older (open circles)
observers for 1 (left), 2 (middle), and 4
(right) cpd. Error bars represent +1 SEM.

Figure 20: Shape discrimination thresholds
replotted as multiples of contrast thresholds
obtained in Experiment 3 for younger (squares)
and older (open circles) observers for 1 (left), 2
(middle), and 4 (right) cpd. Error bars represent
+1 SEM.
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At high suprathreshold contrasts, there was a trend for older observers to have higher

shape discrimination thresholds at all three spatial frequencies compared to younger adults
(Figure 21), although this ultimately did not prove to be statistically significant (1cpd (F(1,14) =
1.633, p > .05), 2cpd (F(1,14) = 3.553, p > .05), and 4cpd (F(1,14) = 3.372, p > .05)).

Figure 21: Shape discrimination
thresholds for concave and convex
shapes (averaged together) at the
maximum contrast for younger (squares)
and older (open circles) observers for 1,
2, and 4 cpd. Error bars represent +1
SEM across observers.

These results indicate that there was no different in shape detection thresholds between
younger and older adults. However, older observers required significantly more curvature in
order to discriminate convex and concave shapes at higher spatial frequencies.
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Discussion

Dominance of Orientation over Frequency in Slant and Shape Perception
Our results in Experiment 1 showed that when OMs and FMs on a slanted or corrugated
surface specify inconsistent directions of slant or curvature, the percept is dictated by the OMs.
In Experiment 2, it was then demonstrated that slant perception is dictated by the detectability of
OMs for slants around the fronto-parallel plane, and both OMs and FMs are similarly effective at
conveying surface slant around steeper slants. For surfaces around fronto-parallel, an increase in
surface slant organically results in changes in orientation that are more readily visible than
changes in frequency. The amount of surface slant needed to detect changes in slant was
therefore more consistent with that needed to detect a pattern change for OMs than FMs. For
steeper slants, the amount of slant needed to detect FMs was actually less than that needed to
detect orientation changes. The marked drop in FM thresholds with increasing slant suggests
that for slanted surfaces, a small amount of slant results in more visible changes in FMs relative
to OMs. There is likely a combination of mechanisms responsible for extracting both OMs and
FMs for the perception of slanted surfaces, but our results do not distinguish their specific
contributions at steeper slants.
For surfaces around fronto-parallel in the 0-deg condition, slant thresholds for the plaid
surfaces were actually higher than pattern thresholds for the OMs across all observers, although
this trend was not significant when averaged across observers. Previous physiological work has
shown that striate neurons in cat and primates have a decreased response if a stimulus at the
preferred orientation is superimposed by an orthogonal stimulus, a process known as crossorientation suppression (Bonds, 1989; Morrone, Burr, & Maffei, 1982). It is possible that the
addition of the orthogonally oriented frequency components act to suppress the visibility of the
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OMs, thus the observed trend across observers of lower thresholds for OM stimuli may reflect
previous findings that show release from cross-orientation suppression increases the visibility of
the critical orientation information which facilitates decoding of 3-D shapes (Li & Zaidi, 2009).
However, for surfaces that are already substantially slanted in the 30-deg condition, any release
from cross-orientation suppression does not seem to be evident: pattern thresholds for OMs and
slant thresholds for the plaid were similar, suggesting that the presence of the FM had no effect
on the perception of the OMs and therefore perceived slant. This may be due to the fact that at
steeper slants, the difference in FMs between the horizontal and vertical grating components is
large, and thus the frequency-selective cross-orientation suppression isolated in Li and Zaidi
(2009) may not be at play.
Previously, it has been shown that in isolation, FMs resulting from developable surface
texture mappings, such as planar and corrugated surfaces used in Experiments 1 and 2, can lead
to misperceptions of surface shape, specifically concave surfaces tend to appear convex (Li &
Zaidi, 2000, 2003, 2004). These misperceptions result because FMs are interpreted as cues to
distance between the viewer and the surface rather than as cues to surface slant. For texture
mappings in which FMs consistently reflect distance, correct surface shape is perceived (Li &
Zaidi, 2004). Thus how FMs are perceived depends on the type of texture mapping used. In
contrast, similar patterns of OMs appear to arise across many different types of texture mappings
and consistently provide correct shape information. Therefore, we have considered them more
reliable sources of information to 3-D shape. The results presented here further bolster previous
findings showing that OMs provide consistent cues to surface slant at shallow and steep slants,
whereas FMs are useful only around steeper slants. It is worth noting that the OM stimuli used
in our study contain minimal modulations in frequency: in fact it is not possible to generate
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texture-mapped stimuli that contain OMs in the total absence of FMs without additional image
processing of the projected image. Thus if one were interested in an independent analysis of
OMs vs. FMs, the stimuli used in our study would not be appropriate. It is also worth noting that
Todd et al. (Todd et al., 2005) showed that FMs can convey surface slant for steep slants ranging
up to 65 deg, and that increasing the optical window improves these slant judgments. Although
we did not test the effect of varying field of views on slant judgments, our findings are consistent
with their finding that steeper slants elicit contributions from FMs in the judgment of surface
slant. Since our FM pattern thresholds were similar in magnitude to the slant thresholds for
steeper slants, it seems likely that FMs are in fact contributing to slant judgments, even at our
slant values which were quite a bit shallower, and our field of view was smaller, than those used
in Todd et al [Todd et al., 2005].
Our results suggest that the perception of 3-D slant and shape from texture must involve
the neural extraction of OMs (at shallow and steep slants) and FMs (at steep slants). Results
from the adaptation studies suggest that mechanisms that extract OMs are invariant to how the
OMs are defined over a range of spatial frequencies and thus inevitably lie in extra-striate visual
areas (Filangieri & Li, 2009; Li, Tzen, Yadgarova, Zaidi, 2008).
Contrast Sensitivity and Orientation Discrimination in Aging
The results in Experiment 3 found that older observers had significantly lower contrast
sensitivity compared to younger observers on a detection task with Gabor patches, consistent
with prior findings in the literature (Delahunt et al., 2008; Govenlock et al., 2009). It has
previously been shown that spatial contrast sensitivity decreases with increasing spatial
frequency in older adults (Burton et al., 1993), although this interaction effect was not observed
in the current experiment, which may have been due to the more restricted range of spatial
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frequencies tested. The differences in contrast sensitivity with age are likely due to a number of
changes in the optical characteristics of the eye, including reduced retinal illuminance, increased
intraocular light scatter, and increased monochromatic aberrations (Loewenfeld, 1979; Artal,
Guirao, Berrio, Piers, & Norrby, 2003; Glasser & Campbell, 1998). However, one prior study
has shown that even when monochromatic aberrations (e.g., increased lens density, light scatter)
were corrected using adaptive optics, the contrast sensitivity for older adults were on average
still not at the level of that for younger adults despite compensation, suggesting a possible neural
contribution (Elliot, Choi, Doble, Hardy, Evans, & Werner, 2009). Whether reductions in
ganglion cell density and changes in the response properties of visual cortex neurons contribute
significantly to spatial contrast sensitivity changes with age remains to be determined (Owsley,
2011).
In Experiment 4, our results showed that older adults required significantly more contrast
in order to establish orientation discrimination thresholds compared to younger observers for 1
and 4 cpd stimuli. However, when the results equated differences in contrast sensitivity (as
established in Experiment 3), there was no significant difference in orientation discrimination
performance across groups. Unlike Delahunt et al. 2008, there was no difference observed
between young and older groups in orientation sensitivity at the highest contrast. Our findings
are more in line with that of Betts at al. (2007), where the authors found differences with age
when stimulus contrast was low, but not at high contrast levels. Although our study differs from
Betts et al. in that we presented stimuli varying in contrast as opposed to stimuli embedded in
external noise, it may be that for high contrast stimuli, the equivalent input noise (i.e., internal
noise which adds to display noise (Pelli & Farell, 1999) is similar (Betts et al., 2007).
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Despite the concurrence of our current findings with the existing psychophysical

literature, our results continue to be discrepant with prior physiological experiments that have
demonstrated significantly reduced orientation selectivity in V1 cells of aging cats and monkeys
(Hua et al., 2006; Schmolesky et al., 2000). It is possible that the observed differences in
orientation selectivity with age may have been secondary to the effects of anesthesia, although
this appears unlikely as the physiological responses of V1 and V2 neurons have not been shown
to demonstrate age effects with varying levels of anesthesia (Wang et al., 2005). Another
possibility would be to consider the recruitment of early stage visual cortex neurons that may be
involved specifically in orientation detection and discrimination. Prior physiological
experiments have assessed the difference in the average response of cells across younger and
older animal groups when assessing orientation selectivity. Despite these average differences, it
has been shown that a portion of cells can remain highly selective for orientation in older animals
(Hua et al., 2006; Schmolesky et al., 2000), which may be recruited in psychophysical tasks
requiring orientation judgments. Additionally, Delahunt et al. (2008) have shown that the
perceptual orientation sensitivity tuning curves do not significantly differ with age. It is possible
that once a stimulus of a particular orientation has elicited sufficient activity from a population of
neurons varying in preferred orientation beyond age-related increased noise (i.e., spontaneous
activity), plasticity changes allow for preserved orientation tuning, and consequently little
perceptual distortions with age (Delahunt et al., 2008).
Although our results indicated that older and younger observers had similar orientation
discrimination thresholds (when equated for contrast sensitivity), our experiments only assessed
judgments around a vertical axis (i.e., “is the stimulus oriented to the left or right of vertical?”).
It is possible that differences with age could be observed for judgments around oblique angles.
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Discrimination performance has been shown in classical studies to be poorer for obliquely
oriented stimuli (i.e., “oblique effect”) compared to cardinal angles (Appelle, 1972). While the
exact mechanisms underlying the oblique effect are not fully understood, it may in part be a
consequence of fewer cortical cells tuned for oblique orientations (Li et al., 2003), or a smaller
cortical representation for oblique angles (Wang et al., 2003). Animal studies in cats have
suggested a possible role for top-down modulation from upstream visual areas, as glutamatergic
excitation of visual area 21a in cats increased the observed oblique effect, with application of
GABA in the same area producing the opposite effect (Liang et al., 2007). It would be
interesting to examine whether judgment of oblique orientations may be adversely impacted
given the reduced intracortical GABAergic inhibition with age.
Shape Detection and Discrimination in Aging
Prior studies have shown that older adults can accurately discriminate 3-D surface shape
from motion comparable to younger observers under more optimal conditions, but show reduced
performance when provided with less temporal correspondence (Andersen & Atchley, 1995;
Norman et al., 2008; Norman et al., 2013). Norman et al. showed that when younger and older
participants were asked to discriminate various shapes (e.g., cylinders, hemispheres) of dotted
surfaces presented at multiple views of apparent motion, only younger participants were able to
accurately discriminate 3-D shape at a small number of successive views of apparent motion
sequences (Norman et al., 2000). At the time of writing, there have been very few studies to
compare 3-D shape detection and discrimination performance across age groups without
assessing the perception of shape as perceived from motion.
In Experiment 5, our results showed that when differences in age-related contrast
sensitivity were taken into account, younger and older observers did not differ in their ability to
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perform a shape detection task (i.e., identifying which of two stimuli presented was concave or
convex). On a shape discrimination task, it was found that older observers had significantly
higher discrimination thresholds at the highest spatial frequency (4cpd) compared to younger
observers, although not at the other spatial frequencies tested. Our results are consistent with
those of Wang 2001, who found no effect of age on a shape discrimination task involving
judgment of deformed circular and sinusoidal contour shapes at low frequencies, but with
significant threshold differences at higher modulations.
What might account for the finding of higher shape discrimination thresholds for older
adults at the highest spatial frequency (4cpd) tested? It is possible that at lower spatial
frequencies, shape discrimination involves global shape mechanisms that pool local
orientation/curvature information and are less affected by contrast changes, but local
mechanisms tuned to orientation signals (which would be more sensitive to contrast reduction)
may have greater dominance at higher frequencies (Wang, 2001). Other studies looking at aging
in the ability to discriminate radial frequency shapes have provided support for the idea that
shape perception is driven by global mechanisms which combine local contour information
(Habak et al., 2006; Loffler et al., 2003), and are primarily restricted to low frequency
modulation shapes (Wilkinson et al., 1998; Schmidtmann et al., 2012). It is also interesting to
note that at high suprathreshold contrasts, there was a non-significant but observable trend for
older adults to have higher shape discrimination thresholds at all three spatial frequencies tested,
which may underlie the significant effect observed in the current study.
There was also a non-significant trend for older observers to demonstrate lower shape
detection thresholds compared to younger observers. One consideration is that shape detection
would involve the detection of 2-D orientation flows, whereas shape discrimination would
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involve the discrimination of different orientation flow patterns. However, it is unclear whether
this observed trend might represent actual underlying differences in detection, or was merely an
artifact of our testing parameters.
Summary
Previous work has shown that orientation flows are critical in 3-D shape perception (Li et
al., 2000). Our results extend those findings, suggesting that orientation information plays a
dominant role over spatial frequency in the perception of 3-D slant and shape. Orientation
processing with regard to detection and discrimination appears to be well preserved with normal
aging, once visual acuity and differences in contrast sensitivity with age are taken into
consideration. There was no observed difference between younger and older adults in their
ability to detect convex and concave shapes. However, when older observers performed a shape
discrimination task, their thresholds were significantly higher than younger adults for high
spatial frequencies.

Limitations
In Experiment 1 and 2, the use of a plaid stimulus introduces an additional, potentially
useful cue of orthogonality whereby deviations from orthogonality of the horizontal and vertical
plaid in the image increase with surface slant (Saunders & Backus, 2007). Given that these
deviations are correlated with the orientation modulations (greater deviations occurring where
orientation modulations are greater), one consideration is that they may provide an apparent bias
for the orientation modulations as a cue for surface slant. Deviations from orthogonality are also
correlated with frequency modulations (deviations from orthogonality increasing with increasing
local frequency), although the magnitude of the frequency modulations does not affect the
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magnitude of the deviations from orthgonality which depend on local orientation. The question
thus is whether the visual system is using orthgonality to make judgments about surface slant in
Experiment 1. Our experiment is unfortunately not designed to determine whether or not this is
the case. However, since the magnitude of local orthogonality depends on the magnitude of the
local orientation modulation, it is still clear that the visual system is using orientation
information to perceive the surface slant, regardless of whether orthogonality is also being used.
In Experiments 4 and 5, it is possible the stimulus duration used may have masked any
potential differences across the age groups. The stimulus durations used were meant to align
with prior studies (e.g., Delahunt et al., 2008). Using briefer stimulus times may have resulted in
observed differences across age groups, although a possible confound could include differences
secondary to physiological changes, including longer intracortical processing and slower transfer
of information in V1 and (particularly) V2 in older adults (Wang et al., 2005).
Future Directions
While there have been a number of physiological studies in animals assessing orientation
selectivity with age (Schmolesky et al., 2000; Wang et al., 2005), there have not been any studies
to date assessing age effects on higher order areas in the ventral stream. Given that shape
selective neurons in V4 and other temporal areas receive inputs from early visual processing
areas (V1 and V2) that have been shown to have decreased orientation selectivity, it is not
known whether these neural changes (thought to reflect decreased GABAergic inhibition) would
also be evident in downstream ventral pathway areas, or if they are restricted primarily to
orientation processing. Nonetheless, our findings continue to support the disparity between the
psychophysical and physiological literature with regard to orientation perception, and it is

	
  

69	
  

possible that physiological changes in shape selective neurons may not necessarily have an
observable behavioral consequence.
Our experiments contained shapes with orientation flows defined by luminance, which
would be expected to yield responses from simple cells in V1 with that preferred orientation.
However, shapes can also be defined by second-order (non-Fourier) contours (e.g., contrast
modulations), as opposed to luminance, which would be expected to result in stronger activation
in V2 and other extra-striate areas (Sheth, Sharma, Rao, & Sur, 1996). It would be interesting to
assess whether second-order shape stimuli would result in an observable age effect in
discrimination, given that V1 neurons would be expected to respond less strongly to those
stimuli. Using an adaptation paradigm, Filangieri & Li (2009) found evidence for 3-D shapeselective mechanisms that are invariant to how orientation flows are defined (whether by first or
second order contours). It is unknown whether 3-D shape selective neurons in extra-striate areas
that are less dependent on strong V1 input may be more susceptible to changes with normal
aging, and whether the invariance previously demonstrated by Filangieri & Li are affected by
age.
It has been speculated that face perception, as one of the later aspects of visual form to
develop in humans, may in fact be the first to degrade with age (Wilson et al., 2011). In contrast
to the studies assessing orientation and shape discrimination, there have been more robust
findings of differences in face discrimination performance (across multiple face view
orientations) with age (Habak et al., 2008; Wilson et al., 2011). Unlike orientation and shape
perception, which may involve more isolated activation, differences in face discrimination with
age may be due to the increased recruitment of other cortical areas (e.g., fusiform face area,
prefrontal cortex), as well as differential levels of activation (Grady et al., 1994; Grady et al.,
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2000). Greater activation in left dorsolateral prefrontal cortex older adults during face matching
tasks is thought to reflect greater demands on attentional/executive functions (e.g., working
memory) that may be compensatory. Facial and object stimuli that have describable
characteristics (i.e., using language) may be able to invoke top-down processes, in contrast to our
stimuli that were limited in descriptive nameable features. The extent to which prefrontal
regions mediate age-related differences in face, or even lower-level visual perception warrant
further study.
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